Introduction {#sec1}
============

Parasitic nematodes of the gastrointestinal tract remain a major threat to small ruminant health, welfare, and production.^[@ref1],[@ref2]^ Broad-spectrum anthelmintic drugs with varying chemical structures have been used for more than 50 years for eliminating worms from hosts. However, due to repeated use, the resistance to these anthelmintic drugs has now been recognized worldwide. At the moment, resistance to anthelmintics has become a major problem in veterinary medicine.^[@ref3]−[@ref5]^ In small ruminants, resistance has evolved to all of the major families of broad-spectrum anthelmintics, such as benzimidazoles, levamisole, and macrocyclic lactones (avermectins and milbemycins), seriously hindering efficacy. In addition, reports on multiresistant isolates are increasing.^[@ref6]^ In cattle and horses, the situation is not yet so severe, but they also have nematodes resistant to multiple anthelmintic classes.^[@ref3]^ Therefore, alternative, sustainable options are urgently needed to ensure sheep and goat welfare and health. There is also a clear need to address the increasing societal demands of consumers to reduce the use of synthetic chemicals in various farming systems. This is illustrated by the demand and development of organic livestock farming systems and products, which do not use synthetic anthelmintics but require novel alternative options to reduce worm infection.

One possible approach is the use of bioactive plants and their secondary metabolites. For nearly 20 years, many studies have focused on forages and fodders containing condensed tannins, and in vivo and in vitro results suggest that such tannin-rich plants represent an alternative solution to commercial anthelmintics.^[@ref7]−[@ref12]^ Using naturally tannin-rich plants is an attractive possibility to provide affordable, sustainable, and organic control of parasitic nematodes. These plants could act either through a direct mode of action or indirectly by increasing the host resistance.^[@ref13]^ It has been postulated that tannins can interfere with nematode biology due to their ability to bind to parasite proteins.^[@ref11],[@ref14]^ This can inhibit or delay some key steps in the nematode life cycle, such as the exsheathment of infective third-stage larvae or the ability of infective stages to penetrate into the digestive mucosae. However, variable anthelmintic activities have been reported depending on the nature of the tannins, the host, the parasite species, and/or the stage.^[@ref9],[@ref12]^

Plant tannins, i.e., proanthocyanidins (syn condensed tannins), hydrolyzable tannins, and phlorotannins, are a unique and large group of plant secondary metabolites with diverse structures. They have the ability to form complexes with and precipitate proteins. Proanthocyanidins are oligomers and polymers of flavan-3-ols, and they are the most common and studied group of tannins. Hydrolyzable tannins are structurally the most diverse group of tannins and can be divided into three subclasses: simple gallic acid derivatives, gallotannins, and ellagitannins (ETs). ETs can be further divided into six subgroups: hexahydroxydiphenoyl (HHDP) esters, dehydroHHDP esters and their modifications, nonahydroxytriphenoyl (NHTP) esters, flavanoellagitannins, and oligomers with varying degrees of oligomerization and types of bonds between the monomers.^[@ref15]^ This variety of structural features manifests in great diversity of ETs, with over 1000 unique ET structures described so far.^[@ref16]^

Previously, great variability has been observed in studies about the anthelmintic effects of different tannin mixtures in vitro and in vivo.^[@ref11],[@ref12]^ These studies have included the effects of different tannins on the various parasitic stages of nematodes exploring the relationships between the tannin structure and the bioactivity, namely, the anthelmintic effects^[@ref11],[@ref12],[@ref14],[@ref17],[@ref18]^ (and references therein), but have been mostly conducted using proanthocyanidin mixtures.^[@ref19]−[@ref23]^ At the moment, the picture is complex and needs further research as the chemical basis for these effects is not known, much due to the fact that the proanthocyanidin mixtures used in plant-ruminant studies have not been chemically fully characterized. So far, ETs have not been extensively studied for their possible anthelmintic effects. One study on the anthelmintic effects of ETs showed that the ET-containing chestnut extract can totally inhibit the exsheathment of *Trichostrongylus colubriformis* larvae.^[@ref14]^ In addition, our previous study showed that hydrolyzable tannins can affect the egg hatching and the motility of L1- and L2-stage larvae of *Haemonchus contortus*.^[@ref24]^ These results indicated a clear relationship between the structure of the hydrolyzable tannin and the anthelmintic activity. The anthelmintic activity was affected by the size and flexibility of hydrolyzable tannins as well as the types and numbers of functional groups of hydrolyzable tannins and the types of linkages between monomeric hydrolyzable tannin units.^[@ref24]^

In general, more detailed studies are clearly needed to understand which plant ETs could be utilized as anthelmintic agents against gastrointestinal nematodes. Therefore, we wanted to further study the possibility of using ETs as alternatives for anthelmintic drugs against gastrointestinal nematodes of small ruminants. In this study, two nematode species were used as parasitic models: the abomasal species *H. contortus* and the intestinal species *T. colubriformis*. The main aim was to evaluate the anthelmintic effects of 30 individual ETs by the larval exsheathment inhibition assay (LEIA) to find out how a structurally diverse array of ETs differs at inhibiting the third-stage infective larvae (L3) of parasitic nematodes of ruminants. The exsheathment of L3 is a crucial step in the life cycle since it represents the transition from the free-living to the parasitic stage.

Materials and Methods {#sec2}
=====================

Plant Materials {#sec2.1}
---------------

The following plant materials were collected during the summer of 2011 from southwestern Finland: willowherb flowers (*Epilobium angustifolium*), silverweed leaves (*Potentilla anserina*), herb bennet leaves (*Geum urbanum*), English oak acorns (*Quercus robur*), purple loosestrife leaves and flowers (*Lythrum salicaria*), meadowsweet flowers (*Filipendula ulmaria*), raspberry leaves (*Rubus idaeus*), and wood cranesbill leaves (*Geranium sylvaticum*). The plant materials were collected directly in 1 L glass bottles; 10 bottles were collected for each plant species.^[@ref24]−[@ref26]^ After that, the bottles were immediately filled with acetone, transferred to the laboratory, and left to macerate in a cold room (+4 °C) prior to the isolation of ETs. The material of sea buckthorn (*Hippophaë rhamnoides*) was the same as previously used.^[@ref27]^ These plants were selected because they represented potential resources to isolate a range of pure ETs with different structures.

Isolation and Purification of Ellagitannins {#sec2.2}
-------------------------------------------

The extraction of phenolic compounds and the isolation of ETs followed mainly our previous methods.^[@ref24]−[@ref26],[@ref28]−[@ref32]^ However, some modifications were made. In brief, the crude plant extracts were obtained directly from the bottles where the collected plant materials were left to macerate for several weeks. The extracts were combined species by species and concentrated to 300--500 mL of the water phase. The concentrated water phases of crude extracts were fractionated twice with Sephadex LH-20 chromatography.^[@ref25]^ First, a rough fractionation of the crude extract with the Sephadex LH-20 material was performed in a beaker, and then, a careful fractionation was performed for a selected fraction by Sephadex LH-20 column chromatography. The rough fractionation was started by mixing the water phase of the crude extract with the swollen Sephadex LH-20 material (in water), and then, separations were performed batchwise using water, 50% aqueous methanol, methanol, 80% aqueous acetone, and acetone as eluents. In column chromatography on Sephadex LH-20, the glass column (300 mm × 50 mm) was manually filled with swollen gel (height approximately 230 mm), and different eluents, such as water, aqueous methanol, and aqueous acetone, were used depending on the ET to be isolated. Obtained fractions were concentrated to the water phase and freeze-dried. All steps were followed by ultraperformance liquid chromatography (UPLC)--diode array detector--mass spectrometry (DAD--MS) with detection at 190--450 nm.^[@ref25],[@ref26]^ The isolation of ETs from the Sephadex fractions was performed by preparative high-performance liquid chromatography (HPLC) as previously but with detection at 190--450 nm.^[@ref25],[@ref26]^ Different gradients were used for different ETs. The final purification of ETs was performed by semipreparative HPLC with the same HPLC--DAD system as before with detection at 190--450 nm.^[@ref25],[@ref26]^ Different gradients were used for different ETs; e.g., a typical gradient for acyclic ETs was as follows: 0--5 min, 2% B (acetonitrile) in A (0.1% formic acid); 5--51 min, 2--32% B in A; 51--55 min, 32--70% B in A; column wash and stabilization, with detection at 190--450 nm. All steps in the preparative and semipreparative purifications were followed by UPLC--DAD--MS with detection at 190--450 nm.^[@ref25],[@ref26]^ Obtained fractions and pure ETs were concentrated to the water phase and freeze-dried.

Structural Characterization of ETs {#sec2.3}
----------------------------------

All fractions obtained by Sephadex LH-20 fractionation, by preparative HPLC, or by semipreparative HPLC and the purified ETs were analyzed by UPLC--DAD−MS as previously but with detection at 190--450 nm.^[@ref25],[@ref26]^ Most of the ellagitannins had been previously characterized by chromatographic, NMR spectroscopic, and mass spectrometric methods and the corresponding data published.^[@ref25]−[@ref27],[@ref29],[@ref31]−[@ref46]^ The identification of those ellagitannins was performed by UPLC--DAD−MS by comparing the information of retention times, UV spectra, and molecular masses and characteristic electrospray ionization (ESI)-MS fragmentations with the existing knowledge. The NMR experiments were performed only for the ETs that we had not characterized earlier with a Bruker Avance 500 NMR spectrometer operating at 500.13 MHz for ^1^H NMR and 125.77 MHz for ^13^C NMR or with an Avance III 600 NMR spectrometer operating at 600.16 MHz for ^1^H NMR and 150.93 MHz for ^13^C NMR. Spectra were recorded at 25 °C using acetone-*d*~6~ or methanol-*d*~4~ as a solvent. The measurements included ^1^H and ^13^C NMR spectra, in addition to several two-dimensional (2D) spectra such as double-quantum filtered correlation spectroscopy (DQF-COSY), CH~2~-edited heteronuclear single quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC), and one-dimensional total correlation spectroscopy (1D-TOCSY).

The structures of individual ET monomers are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and dimeric and trimeric ET oligomers in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The structures of tetrameric (**4**), pentameric (**5**), hexameric (**6**), heptameric (**7**), and longer ET oligomers (**8**) are formed from trimeric oenothein A (**3**) when additional tellimagrandin I (**1**, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) monomers are attached to the ellagitannin chain by one DOG-type linkage.^[@ref32]^ The plant materials used in the isolation of ETs, the purity of ETs by UPLC at 280 nm, and the data of confirmation of their identification by ESI-MS are all shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The stereochemistries of castalagin and vescalagin were recently reinvestigated by computational methods, and the nonahydroxytriphenoyl group (NHTP) was found to exist in the (S,R) configuration.^[@ref47]^ Therefore, it is feasible that the NHTP group of vescavaloninic and castavaloninic acids is also in the (S,R) configuration. The structures of tellimagrandin II (**18**), roshenin C (**19**), salicarinin A (**24**), and strictinin (**25**) were confirmed by NMR spectroscopy, and the corresponding data are presented in the Supporting Information ([Figures S1, S2, and Tables S1--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf)). The NMR data of vescalagin (**12**) was used in the characterization of salicarinin A (**24**). In addition, NMR was used for hippophaenins, which were confirmed to be hippophaenin B (α anomer, **30** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and hippophaenin C (β anomer, **29** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) based on our previous characterization.^[@ref46]^

![Structures of monomeric ellagitannins studied. The configuration of the NHTP group is revised according to Matsuo et al.^[@ref47]^ A, gallic acid; DHHDP, dehydrohexahydroxydiphenoyl group; G, galloyl group; HHDP, hexahydroxydiphenoyl group; and NHTP, nonahydroxytriphenoyl group.](jf9b06774_0004){#fig1}

![Structures of oligomeric ellagitannins studied. Tetrameric (**4**), pentameric (**5**), hexameric (**6**), heptameric (**7**), and longer oligomers (**8**) are formed from trimeric oenothein A (**3**) when additional tellimagrandin I (**1**, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) monomers are attached to the ellagitannin chain by one DOG-type linkage.^[@ref32]^ The monomers are linked to each other via *m*-DOG (valoneoyl), *m*-GOG (dihydrogalloyl), *m*-GOD (sanguisorboyl), and D(OG)~2~ linkages. The configuration of the nonahydroxytriphenoyl group in salicarinin A (**24**) is revised according to Matsuo et al.^[@ref47]^ HHDP, hexahydroxydiphenoyl group.](jf9b06774_0005){#fig2}

###### Individual Ellagitannins Tested, Plant Materials Used for Their Isolation, Their Purity Obtained by UPLC at 280 nm, and Confirmation of Their Identification by ESI-MS

  no.   ellagitannin                   plant material used in the isolation    purity (%)   ESI-MS identification (*m*/*z*)                                                                                                                    literature
  ----- ------------------------------ --------------------------------------- ------------ -------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------
  1     tellimagrandin I (TI)          meadowsweet inflorescence               97.5         785 \[M -- H\]^−^                                                                                                                                  ([@ref29]) and ([@ref35])
  2     oenothein B (dimeric TI)       willowherb inflorescence                98.7         783 \[M -- 2H\]^2--^                                                                                                                               ([@ref31]) and ([@ref35])
  3     oenothein A (trimeric TI)      willowherb inflorescence                99.3         1175 \[M -- 2H\]^2--^                                                                                                                              ([@ref32]) and ([@ref34])
  4     tetrameric TI                  willowherb inflorescence                96.8         1045 \[M -- 3H\]^3--^, 1567 \[M -- 2H\]^2--^                                                                                                       ([@ref32]) and ([@ref34])
  5     pentameric TI                  willowherb inflorescence                96.3         1307 \[M -- 3H\]^3--^, 1960 \[M -- 2H\]^2--^                                                                                                       ([@ref32]) and ([@ref34])
  6     hexameric TI                   willowherb inflorescence                89.9         1568 \[M -- 3H\]^3--^                                                                                                                              ([@ref32]) and ([@ref34])
  7     heptameric TI                  willowherb inflorescence                90.4         1829 \[M -- 3H\]^3--^                                                                                                                              ([@ref32]) and ([@ref34])
  8     oligomeric and polymeric TIs   willowherb inflorescence                99.0         1568 \[M -- 4H\]^4--^ (octamer), 1764 \[M -- 4H\]^4--^ (nonamer), 1961 \[M -- 4H\]^4--^ (decamer)                                                  ([@ref15]) and ([@ref32])
  9     agrimoniin                     silverweed leaves                       97.7         934 \[M -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                                                                                                 ([@ref31], [@ref35]), and ([@ref48])
  10    gemin A                        herb bennet leaves                      98.2         935 \[M -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                                                                                                 ([@ref31]) and ([@ref49])
  11    castalagin                     purple loosestrife flowers and leaves   99.6         933 \[M -- H\]^−^, 466 \[M -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                                                                              ([@ref35], [@ref37]), and ([@ref38])
  12    vescalagin                     purple loosestrife flowers and leaves   94.1         933 \[M -- H\]^−^, 915 \[M -- H~2~O -- H\]^−^, 466 \[M -- 2H\]^2--^, 457 \[M -- H~2~O -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                   ([@ref35], [@ref37]), and ([@ref38])
  13    geraniin                       wood cranesbill leaves                  98.3         951 \[M -- H\]^−^, 933 \[M -- H~2~O -- H\]^−^, 301 \[ellagic acid -- H\]^−^                                                                        ([@ref39])
  14    sanguiin H-6                   raspberry leaves                        97.6         934 \[M -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                                                                                                 ([@ref31]) and ([@ref40])
  15    lambertianin C                 raspberry leaves                        95.6         934 \[M -- 3H\]^3--^, 301 \[ellagic acid -- H\]^−^                                                                                                 ([@ref31]) and ([@ref40])
  16    vescavaloninic acid            english oak acorns                      95.6         1101 \[M -- H\]^−^, 1083 \[M -- H~2~O -- H\]^−^, 528 \[M -- COOH -- H\]^2--^, 519 \[M -- H~2~O -- COOH -- H\]^2--^, 301 \[ellagic acid -- H\]^−^   ([@ref41]) and ([@ref42])
  17    castavaloninic acid            english oak acorns                      99.6         1101 \[M -- H\]^−^, 528 \[M -- COOH -- H\]^2--^                                                                                                    ([@ref41]) and ([@ref42])
  18    tellimagrandin II              meadowsweet inflorescence               97.9         937 \[M -- H\]^−^, 301 \[ellagic acid -- H\]^−^                                                                                                    ([@ref29]) and ([@ref43])
  19    roshenin C                     raspberry leaves                        93.8         783 \[M -- 2H\]^2--^, 301 \[ellagic acid -- H\]^−^                                                                                                 ([@ref36])
  20    pedunculagin                   raspberry leaves                        97.3         783 \[M -- H\]^−^, 391 \[M -- 2H\]^2--^                                                                                                            ([@ref29], [@ref31]), and ([@ref44])
  21    carpinusin                     wood cranesbill leaves                  99.7         951 \[M -- H\]^−^, 933 \[M -- H~2~O -- H\]^−^, 301 \[ellagic acid -- H\]^−^                                                                        ([@ref39])
  22    rugosin E                      meadowsweet inflorescence               99.8         860 \[M -- 2H\]^2--^                                                                                                                               ([@ref27])
  23    rugosin D                      meadowsweet inflorescence               99.4         936 \[M -- 2H\]^2--^                                                                                                                               ([@ref27])
  24    salicarinin A                  purple loosestrife flowers and leaves   97.8         933 \[M -- 2H\]^2--^, 1867 \[M -- H\]^−^                                                                                                           ([@ref45])
  25    strictinin                     sea buckthorn leaves                    98.8         633 \[M -- H\]^−^                                                                                                                                  ([@ref29], [@ref31]), and
  26    stachyurin                     sea buckthorn leaves                    99.9         935 \[M -- H\]^−^                                                                                                                                  ([@ref31], [@ref35]), and ([@ref44])
  27    casuarinin                     sea buckthorn leaves                    99.7         935 \[M -- H\]^−^                                                                                                                                  ([@ref31], [@ref35]), and ([@ref44])
  28    casuarictin                    sea buckthorn leaves                    99.6         935 \[M -- H\]^−^                                                                                                                                  ([@ref31], [@ref35]), and ([@ref44])
  29    hippophaenin C                 sea buckthorn leaves                    99.6         1103 \[M -- H\]^−^                                                                                                                                 ([@ref46])
  30    hippophaenin B                 sea buckthorn leaves                    98.2         1103 \[M -- H\]^−^                                                                                                                                 ([@ref46])

In short, the identification of the analyzed ellagitannins started from the core sugar signals. The β-glucose moiety was easily recognized based on rather large coupling constants between protons H1 and H2 (approx 8.2 Hz) and large coupling between H2--H3, H3--H4, and H4--H5 (approx 9.8 Hz). These were found for strictinin, tellimagrandin II, and other sugar units of roshenin C. However, another sugar moiety of roshenin C had coupling constant H1--H2 as 4.1 Hz, which is a clear indication of α-anomeric glucose. For vescalagin and salicarinin A, the sugar signals had many small couplings and no carbon signal around 90 ppm. Therefore, they were identified as C-glycosidic open chain sugars. The configuration between α- and β-anomers (position 1) can be deduced from the coupling constant, where it is approx. 2 Hz in β-anomers and approx. 5 Hz in α-anomers. Therefore, these compounds were found to have only β-anomers. After the core sugars were identified, the phenolic parts could be linked by HMBC correlations from the sugar proton to corresponding carbonyl carbons. Thereafter, HMBC correlations from carbonyl carbons to aromatic protons could be seen at galloyl and HHDP groups. Depending on the overlapping of carbon signals, the full assignment of signals could proceed. In another case, for example in the case of the NHTP moiety, lack of protons inhibited having information from long-range correlations.

Larval Exsheathment Inhibition Assay (LEIA) {#sec2.4}
-------------------------------------------

The assay was performed as previously described.^[@ref14]^ Briefly, ensheathed third-stage larvae (L3) of *H. contortus* (ca. 1000) or of *T. colubriformis* from the same 2-month-old batch were incubated for 3 h at 20 °C separately with each of the 30 ETs. ETs were diluted in phosphate-buffered solution (PBS; pH 7.2) to avoid any interference due to pH change. In general, four different concentrations were used for ETs: 0 mM (negative control), 6.25, 25, 100, and 400 μM. If needed, an additional concentration of 200 μM was used. After incubation, the larvae were washed and centrifuged (1000 rpm) three times in PBS (pH 7.2). Next, the larvae were submitted to an artificial process of exsheathment by contact with a solution of sodium hypochlorite (2%, w/v) and sodium chloride (16.5%, w/v) diluted in 1--300 in PBS (pH 7.2) for both nematode species. The kinetics of larval exsheathment between the different experimental treatments was monitored by microscopic observation (200×). The percentages of exsheathed larvae were identified at 20, 40, and 60 min intervals. Four replicates were run for each ET to examine the changes in the proportion of exsheathed larvae with time.

Statistical Analyses of the Results {#sec2.5}
-----------------------------------

All statistical analyses were performed with SAS 9.4 (SAS Institute, Cary NC). Responses of *H. contortus* and *T. colubriformis* were examined in separate, but identical, statistical models. The response variable was the difference in response from the control, which was calculated with the following formula (where trt refers to treatment):

This response accounted for variation between controls in separate trials. Data were analyzed with a repeated-measures analysis of covariance (ANCOVA) model in Proc MIXED. Compound identity and time (20, 40, and 60 min) were treated as categorical variables, while concentration was treated as a continuous variable. The model consisted of the main effects of ET compound identity, time, concentration, and the interactive effect of compound by concentration. Time was included as a repeated factor. The differences in response between compounds were tested by comparing least-squares mean values. To account for multiple comparisons, the Benjamini--Hochberg false discovery rate procedure in Proc MULTEST was implemented to adjust *p*-values.^[@ref50]^

Results {#sec3}
=======

Larval Exsheathment in Controls {#sec3.1}
-------------------------------

The control measurements were performed with PBS, which was used to avoid the effects caused by a change in pH. The aim of the control measurements was to obtain an exsheathment curve as a function of time with an ending point with 100% exsheathment at 60 min. For *H. contortus*, the larvae exsheathment usually began 20 min after the addition of sodium hypochlorite solution ([Figure S3A,B](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information), as for *T. colubriformis* ([Figure S3C](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information). After 40 min, nearly 100% of the larvae were exsheathed in the control solution.

Effect of ETs on Larval Exsheathment {#sec3.2}
------------------------------------

The in vitro tests were performed using pure ETs to understand the relationship between the ET structure and the activity observed. A diverse set of 30 ETs was used: these ETs represented the biosynthetic pathway and diversity of ET structures found in plants, since different plant species produce very different ETs.^[@ref33]^ The ETs studied included monomeric ETs, such as simple HHDP esters having a ^4^C~1~-glucopyranose configuration (e.g., tellimagrandin I (**1**) and strictinin (**25**) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), DHHDP esters with a ^1^C~4~-glucopyranose configuration (e.g., geraniin (**13**) and carpinusin (**21**) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and *C*-glycosidic ETs with an acyclic glucose core (castalagin (**11**) and vescalagin (**12**) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Also, dimeric ETs with a linkage via a *meta*-dehydrodigalloyl (*m*-GOG) group (e.g., agrimoniin (**9**) and gemin A (**10**) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), via a sanguisorboyl (*m*-GOD) group (e.g., sanguiin H-6 (**14**) and roshenin C (**19**) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), or via a valoneoyl (*m*-DOG) group (e.g., rugosin E (**22**) and rugosin D (**23**) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) were used, in addition to a set of oligomeric ETs from the dimer up to the heptamer and a mixture of oligo- to polymers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

All ETs more or less inhibited the exsheathment of both *H. contortus* and *T. colubriformis* larvae in a wide range of differences when compared to the control. These differences ranged from 0.20 to 0.66 for *H. contortus* and from 0.06 to 0.56 for *T. colubriformis* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The direct mode of action of ETs was strong, and the kinetics of inhibition on larval exsheathment exhibited different patterns. Overall, three models of response to ETs based on LEIA were observed for the nematode species as illustrated by examples in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information. (i) The effect of ETs on LEIA showed a dose-dependent response, such as hippophaenin B (**30**) for *H. contortus* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The incubation at 6.25 μM solution had no effect on the larval exsheathment, and 100% of the larvae were exsheathed. Incubation at higher concentrations, 25 μM, 0.1 mM, and 0.2 mM, inhibited the exsheathment, and only 85, 38, and 0% of the larvae were exsheathed, respectively. In general, as the concentration of these ETs increased, the inhibition on larval exsheathment increased. (ii) For some ETs, the inhibition was so strong that all concentrations above a certain value almost or completely inhibited exsheathment, such as tetrameric ET for *H. contortus* ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information). (iii) Some ETs had a weaker effect on the inhibition of larval exsheathment. For them, it was typical that only the 0.4 mM concentration could inhibit the exsheathment, such as strictinin for *T. colubriformis* ([Figure S3C](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information). Strictinin was an example of a weak effect, where even with the highest concentration of 0.4 mM, only 52% of larvae were exsheathed.

![Effect of individual ellagitannins on larval exsheathment on the third-stage infective larvae of *H. contortus* (A) and *T. colubriformis* (B) evaluated by the average difference from the control, arranged in an ascending order. Ellagitannins that do not share a letter are significantly different at α = 0.05 after correction for the false discovery rate.](jf9b06774_0002){#fig3}

Effect of ETs on the Larval Exsheathment of *H. contortus* {#sec3.3}
----------------------------------------------------------

All ETs tested showed some anthelmintic effects by inhibiting the exsheathment of *H. contortus* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The anthelmintic effect was evaluated by the difference in response from the control. The differences within ETs in their efficacy against *H. contortus* were evaluated by comparing least-squares mean values ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). All parameters in the statistical model were highly significant: compound (*F*~26,347~ = 3.84, *p* \< 0.01), dose (*F*~1,347~ = 309.75, *p* \< 0.01), the compound by dose interaction (*F*~26,347~ = 2.27, *p* \< 0.01), and time (*F*~2,347~ = 41.27, *p* \< 0.01). Comparison of least-squares means results demonstrated that individual ETs varied in their efficacy against *H. contortus*. The most efficient ETs were the oligomeric ETs, such as ET tetramer (**4**), hexamer (**6**), and pentamer (**5**) in addition to hippophaenins (**29** and **30**), dimeric ETs sanguiin H-6 (**14**) and roshenin C (**19**), and trimeric ET lambertianin C (**15**) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The least efficient ETs were the monomeric ETs carpinusin (**21**), pedunculagin (**20**), and tellimagrandin I (**1**), in addition to the dimeric ET salicarinin A (**24**) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).

![Effect of the degree of oligomerization (A) and molecular weight (B) on larval exsheathment on the third-stage infective larvae of *H. contortus* (●) and *T. colubriformis* (○) evaluated by the average difference from the control.](jf9b06774_0003){#fig4}

Effect of ETs on the Larval Exsheathment of *T. colubriformis* {#sec3.4}
--------------------------------------------------------------

All ETs tested showed some anthelmintic effects by inhibiting the exsheathment of *T. colubriformis* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). As with *H. contortus*, the anthelmintic effect was evaluated by the difference in response from the control, and then, the differences within ETs in their efficacy against *T. colubriformis* were evaluated by comparing least-squares mean values ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). All parameters in the statistical model were highly significant except for the compound by dose interaction: compound (*F*~28,349~ = 3.60, *p* \< 0.01), dose (*F*~1,349~ = 493.89, *p* \< 0.01), the compound by dose interaction (*F*~28,349~ = 1.45, *p* = 0.07), and time (*F*~2,349~ = 9.41, *p* \< 0.01). Individual ETs varied in their efficacy against *T. colubriformis*. Again, the most efficient ETs were the oligomeric ETs, such as the ET trimer (**3**), the hexamer (**6**), and the mixture of larger ET oligomers (**8**), in addition to dimeric ETs rugosins D and E (**23** and **22**) and salicarinin A (**24**) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Also, monomeric carpinusin (**21**) showed prominent anthelmintic activity. The least efficient ETs were monomeric pedunculagin (**20**), strictinin (**25**), and tellimagrandin I (**1**), in addition to vescavaloninic acid (**16**) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).

Effects of the Degree of Oligomerization and Molecular Weight of ET on Larval Exsheathment {#sec3.5}
------------------------------------------------------------------------------------------

In general, oligomeric ETs efficiently inhibited larval exsheathment on third-stage infective larvae of both nematode species ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). For example, with *H. contortus*, the monomeric tellimagrandin I (**1** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) had the weakest efficiency against the infective larvae in comparison to corresponding oligomeric ETs (dimeric ET **2** in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}A). Dimeric oenothein B (**2**) was more efficient than monomeric tellimagrandin I (**1**) and trimeric oenothein A (**3**) was more efficient than dimeric oenothein B (**2**) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The highest efficiency against infective larvae was found for the hexameric ET (**7**, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Overall, it was also noticed that the inhibition of exsheathment increased as the degree of oligomerization of ET increased ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). A similar pattern was detected for all ETs and their molecular weights: the inhibition of exsheathment increased when the molecular weight of ETs increased ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

Effect of ETs on Larval Exsheathment between Two Nematode Species {#sec3.6}
-----------------------------------------------------------------

The effects of individual ETs were different on the larval exsheathment on the third-stage infective larvae of two nematode species used as models in this study. In general, ETs were more efficient at inhibiting the exsheathment of *H. contortus* larvae than those of *T. colubriformis* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}; see also [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information). However, the results varied greatly depending on the structure of ETs and the nematode species used. Some ETs, such as hexameric ET (**7**), were efficient inhibitors for both nematode species, whereas some ETs, such as carpinusin (**21**), were efficient only for one nematode species.

Discussion {#sec4}
==========

This study aims at further exploring the potential anthelmintic properties of ETs against gastrointestinal nematode species and the key stages of the life cycle of gastrointestinal nematodes. Previous results were obtained on eggs of *H. contortus* based on an in vitro egg hatch assay.^[@ref24]^ The current study focused on the third-stage infective larvae by investigating the anthelmintic activities of 30 individual ETs against two main parasitic nematodes species (*H. contortus* and *T. colubriformis*) using the LEIA in vitro assay. All ETs showed in vitro anthelmintic activity against the two nematode species. This anthelmintic activity was affected by the concentration of the ET: as the dose increased, so did the response ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In addition, ETs differed in how the activity changed with the dose, i.e., a dose × compound interaction was observed for both nematode species even though it was not significant for *T. colubriformis* (*F*~26,347~ = 2.27, *p* \< 0.01, for *H. contortus;* and *F*~28,349~ = 1.45, *p* = 0.07, for *T. colubriformis*). The anthelmintic activity was also affected by small changes in the ET structures. Based on averaged levels, the ETs differed from one another in their efficiency ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The most important factors were the degree of oligomerization and the molecular weight of the ET ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This finding was consistent with previous findings with hydrolyzable tannins---the molecular size affected the anthelmintic activity when the molecular weight was smaller than 940 Da^[@ref24]^---and also with the other group of tannins: the polymer size of proanthocyanidin was associated with its anthelmintic activity against *H. contortus* when tested by LEIA.^[@ref23]^ However, similar observations were not made for proanthocyanidins for *T. colubriformis*.^[@ref23]^ Even though the degree of oligomerization was an important factor affecting the anthelmintic activity of the ETs, the same conclusion could not be clearly made for the nature of different oligomeric linkages. However, for *H. contortus*, the ET with an *m*-GOG linkage, i.e., gemin A (**10** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), had a weaker anthelmintic activity than the ETs with *m*-DOG linkages, i.e., rugosins E and D (**22** and **23** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which again had weaker anthelmintic activities than the ETs with *m*-GOD linkages, i.e., sanguiin H-6 and lambertianin C (**14** and **15** in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Similar order was not detected for *T. colubriformis*, confirming previous results obtained with proanthocyanidins^[@ref23]^ and thus suggesting differences depending on the nematode species. These differences can be related to differences in the protein composition of the sheath of these two nematode species and possible changes in the interactions between tannins and proteins based on the direct hypothesis for the mode of action.^[@ref13]^

In addition to the degree of oligomerization and molecular weight of the ET, it was difficult to detect the actual structural features affecting the differences observed for individual ETs. The central glucose core seemed to play a role. As discussed above, the central glucose core of an ET monomer can be a ^4^C~1~[d]{.smallcaps}-glucopyranose, a ^1^C~4~[d]{.smallcaps}-glucopyranose, or an acyclic glucose. The structure of the central glucose core affected the anthelmintic activity slightly. In general, acyclic ETs (**11**, **12**, **16**, **17**, **26**, **27**, **29**, and **30** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) seemed to be less efficient inhibitors than the cyclic ones (**1**--**10**, **13**--**15**, **18**--**25**, and **28** in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The mean value of average differences from the control was 0.26 ± 0.09 for all acyclic ETs, whereas it was 0.35 ± 0.15 for all cyclic ETs with *T. colubriformis*. In comparison, it was 0.38 ± 0.10 for all acyclic ETs and 0.41 ± 0.12 for all cyclic ETs with *H. contortus*. However, distinct ETs with an acyclic glucose core showed anthelmintic activity of a different grade ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). For example, vescalagin was among the least efficient ones for both nematode species, whereas the hippophaenins B and C (**30** and **29**) were among the most efficient ones for *H. contortus*.

The C-1 of the [d]{.smallcaps}-glucose core can have either an α or a β configuration. For example, tellimagrandin I (**1** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) having the free OH group at the anomeric position has α and β anomers, which cannot be isolated from each other, and they are present almost at a 1:1 ratio. These kinds of anomeric differences in ETs structures are small, but they may influence the chemical and biological properties of the compounds substantially. For example, vescalagin and castalagin have the same molecular weight of 934 Da and the only difference in their structures is the orientation of the OH group at C-1 of the glucose (**11** and **12** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Previously, we observed with an egg hatch assay that the α-orientation of the OH group of the ET increases its anthelmintic activity in comparison to the β-orientation of OH of the ET.^[@ref24]^ Therefore, we assumed that we could observe a similar difference in the effect of these anomers on the larval exsheathment on the larvae of *H. contortus* and *T. colubriformis*. However, the results were not this straightforward. For *H. contortus*, the results seemed to be similar: β-anomers stachyurin and vescavaloninic acid (**26** and **16** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) showed weaker anthelmintic activities than the corresponding α-anomers casuarinin and castavaloninic acid (**27** and **17** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"})---when arranged in an ascending order of anthelmintic activity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). In comparison, vescavaloninic acid showed weaker anthelmintic activity than castavaloninic acid for *T. colubriformis* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Nevertheless, similar observations were not made either for hippophaenins B and C (**30** and **29**, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) or for vescalagin and castalagin or stachyurin and casuarinin for *T. colubriformis* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Most probably, this is due to the fact that the differences in the average differences from the control are so small and the standard deviations are so high that these acyclic ETs are not significantly different from each other (at α = 0.05 after correction for the false discovery rate). A similar difficulty was observed when the effect of ^1^C~4~ conformation of glucopyranose-based ETs was evaluated. No statistical difference was detected for geraniin (**18** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and carpinusin (**21** in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) against other ETs with a ^4^C~1~[d]{.smallcaps}-glucopyranose core (e.g., tellimagrandin I (**1)** in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

A lack of patterns was found with the other structural features of ETs. Although the results clearly showed that individual ETs varied in their efficacy against nematodes and the effect of compounds was statistically significant (*F*~26,347~ = 3.84, *p* \< 0.01), any further conclusions could not be made about the effects of other structural features of individual ETs, such as the structural flexibility and the presence or number of free galloyl, NHTP, or DHHDP groups. It has been detected that structural flexibility affects the ability of ETs to bind to proteins, such as bovine serum albumin.^[@ref25],[@ref51],[@ref52]^ This phenomenon can be significant if the inhibitive effects on larval exsheathment are a consequence of the propensity of tannins to form complexes with nematode proteins as previously discussed.^[@ref7],[@ref13],[@ref53]^ Previous studies have also shown that free galloyl groups enhance the bioactivity of ETs. For example, when ETs are binding to proteins, the strong binding site is dependent on the presence of free galloyl groups.^[@ref52]^

In this study, the effect of ETs was also dependent on the nematode species used; ETs were more efficient at inhibiting the exsheathment of *H. contortus* larvae than those of *T. colubriformis*. Previous in vitro results supported this observation as they had shown that tannins had different activities depending on the parasite species or the anatomical location.^[@ref8],[@ref17],[@ref54]^ However, it was noticed that effects of different plant extracts were mostly similar to the third-stage larvae of *H. contortus* and *T. colubriformis*.^[@ref14]^ The only difference was that heather extracts (*Erica erigena*) caused a significant delay in larval exsheathment for *H. contortus* but not for *T. colubriformis*. As discussed above, the inhibitive effects on larval exsheathment could be a consequence of the propensity of tannins to form complexes with nematode proteins.^[@ref7],[@ref11],[@ref53]^ Tannins have the ability to form complexes with proteins, and there could be an interaction between ETs and the larval macromolecules, such as proteins and glycoproteins. The nature and strength of the ET--protein interaction are heavily dependent on the ET structure.^[@ref25],[@ref52]^ Therefore, it is logical that the anthelmintic effects are dependent on both the ET structures and the nematode species used.

The literature regarding the possible mode of action of tannins on the third-stage infective larvae is still limited. It has been reported that direct effects could be mediated through the interaction between proanthocyanidins and nematodes, thereby affecting the physiological functioning of gastrointestinal parasites.^[@ref9]^ In general, proanthocyanidins from various forages have decreased the viability of the larval stages of several nematodes in sheep and goats.^[@ref9]^ It has been hypothesized that tannins affect the capacity of infective larvae to establish in the mucosae of the host.^[@ref53]^ However, the mode of action of tannins is still largely unidentified. Direct effect was detected as proanthocyanidins could interfere with the larval exsheathment, but these effects were not related to any changes in the mucosal cell response.^[@ref53]^ A second hypothesis has been that tannins could act indirectly by improving the host response to parasites: tannins could protect proteins from ruminal degradation by binding them and later release them for digestion, thereby increasing the amino acid flow to the duodenum as demonstrated for proanthocyanidins.^[@ref7],[@ref9],[@ref11],[@ref53]^ Previous in vitro results have shown that proanthocyanidins have different effects against different nematode species.^[@ref23]^ Quijada et al.^[@ref23]^ showed that the anthelmintic activity against *H. contortus* was associated with the monomeric prodelphinidin subunits and the degree of polymerization of proanthocyanidins, whereas, for *T. colubriformis*, the anthelmintic activity was correlated only with prodelphinidins. Their results suggested that proanthocyanidins have different modes of action against different parasite species.^[@ref23]^ Therefore, it has been suggested that the composition of larval sheath proteins and the species-specific differences therein should be further studied to better understand the different modes of actions.^[@ref23]^ Our previous results with the egg hatch assay suggested that hydrolyzable tannins do not penetrate the eggs and thereby do not directly disturb the development of the embryo.^[@ref24]^ Instead, the hydrolyzable tannins could bind to the surface of the eggshell as shown by pentagalloyl glucose, presumably via tannin--protein interactions. After that, they may inhibit hatching by two different mechanisms: either by disturbing the proteins that initiate the actual hatching process or by disabling the larval penetration mechanistically.^[@ref24]^ The current results for the effects of ETs on larval exsheathment were complicated as the only patterns detected were the effects of the degree of the oligomerization and the molecular weight of ETs. This hints that several different mechanisms can interact in the inhibition of the exsheathment. In the interaction governing the anthelmintic activity, it seems that both the structure of the ET and the proteins of the sheath are important. The interactions between ETs and proteins are both tannin- and protein-specific.^[@ref25],[@ref26]^

Previously, it has been hypothesized that a certain threshold of concentration needs to be reached before the protein--tannin association is effective as no difference has been observed with the control and the lowest concentration of the sainfoin extract tested, i.e., 300 μg/mL.^[@ref53]^ We observed a similar pattern; it was typical that the lowest concentration used did not have an effect on the exsheathment ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf) in the Supporting Information). In general, it was noticed that the inhibition on larval exsheathment increased as the concentration of ETs increased. This dose-dependent response has been documented previously with sainfoin proanthocyanidins tested against *H. contortus*.^[@ref53],[@ref55]^ However, we used molar concentrations (from 6.25 μM to 0.4 mM) to keep the number of molecules constant in the in vitro tests of different ETs. For example, the molecular weight of hippophaenin B (**30**) is 1104.8 Da, and its lowest concentration of 6.25 μM corresponds to the mass concentration 6.9 μg/mL, while for the tetrameric ET (**4**, 3138.2 Da), the concentration is 19.6 μg/mL, and for the heptameric ET (**7**, 5491.8 Da), it is 34.3 μg/mL. In general, the threshold concentrations seem to be lower for ETs than for previously reported proanthocyanidins.^[@ref53]^ The mean effective concentrations that cause 50% exsheathment inhibition for proanthocyanidins are higher than 100 μg/mL: the concentration was 137 μg/mL for *H. contortus* and 233 μg/mL for *T. colubriformis* for proanthocyanidin fractions with a mean degree of polymerization of 2.8 from 18 different plant species and 108 μg/mL for *H. contortus* and 166 μg/mL for *T. colubriformis* for proanthocyanidin fractions with a mean degree of polymerization of 8.4.^[@ref23]^

The concentrations used in the in vitro test need to be physiologically relevant and achievable in vivo in the different organs of the gastrointestinal tract after dietary consumption by the ruminants. The total content of soluble ETs varies greatly based on plant species and parts, but in general, high ET concentrations can be found in ET-rich plants.^[@ref27]^ For example, *L. salicaria* (purple loosestrife) leaves and flowers and *E. angustifolium* (rosebay willowherb) flowers contain over 90 mg/g total ETs in their crude extracts. If a sheep or goat eats 0.45 kg of dry ET-rich forage, such as willowherb with oligomeric ETs^[@ref34]^ and 10% of this is ETs, then 45 g of ETs will be introduced to the rumen. If the volume of the rumen is approximately 5 L,^[@ref56]^ then the ruminal ET concentration could in theory be 9 mg/mL. Therefore, these micromolar concentrations should be physiologically relevant for an animal feeding on ET-rich forages.

In conclusion, the potential value of ETs to be exploited as an alternative solution to synthetic anthelmintics was investigated against the third-stage gastrointestinal nematodes and clarified for the very first time. ETs showed direct anthelmintic-like effects as they interfered and inhibited strongly the exsheathment of *H. contortus* and *T. colubriformis* larvae. The results obtained in this study emphasized the significance of knowing the ET structures found in plants. Some ETs were potent inhibitors for both nematode species, whereas some inhibited only one nematode species ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These results emphasized the fact that the effects of tannins should not be dealt with tannin mixtures but individual compounds. The most important structural factors were the degree of oligomerization and the molecular weight of ETs. The effects of other structural features need to be further studied. By understanding the structure--activity relationships, we can clarify the factors causing the observed activities. Then, the ET-containing plants could be used appropriately in the context of sustainable farming practices. ETs and ET-containing plants have a potential role as a component of an integrated approach in the control of nematode parasitism in livestock. The next insight could be to study the effects of these ETs on different life-cycle stages, such as adult nematodes, to comprehensively understand their role and mechanisms. Naturally, it must be taken into account that other plant polyphenols and components might have a synergistic or antagonistic effect on the activity of ETs. Therefore, the next step could also be to widen the current knowledge and test and use plant crude extracts and fractions rich in these specific ETs for their bioactivity. Resistance of synthetic anthelmintic drugs has become a major problem in veterinary medicine, and alternative treatments are essential. Therefore, these pioneering results form a good starting point for future studies on plant-derived bioactive substances against gastrointestinal parasites. ETs may offer new, sustainable replacements for those anthelmintic drugs against which resistance is building up worldwide.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jafc.9b06774](https://pubs.acs.org/doi/10.1021/acs.jafc.9b06774?goto=supporting-info).Structures of the ellagitannins characterized by NMR spectroscopy (Figures S1 and S2), different models and effects of ellagitannins on the larval exsheathment on the third-stage infective larvae (Figures S3 and S4), and NMR chemical shifts and coupling constants for the ellagitannins characterized (Tables S1--S5) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b06774/suppl_file/jf9b06774_si_001.pdf))
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